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Abstract—Since its emergence, blockchain technology has 
received great attention because of its advantages in terms of 
decentralization, transparency, traceability and the ability to 
be tamper-proof. These advantages help blockchain become 
a better option for fields such as digital currency and infor- 
mation storage. Specifically, consortium blockchain is pre- 
ferred by researchers because it provides a certain degree of 
access control and a supervisory mechanism. However, in 
real-world applications, blockchain platforms pervasively 
show bottlenecks such as ultrahigh energy consumption, time 
inefficiency, low transaction throughput, vulnerability to 
targeted attacks and poor fairness of user profits, which se- 
riously influence the performance of this technology and thus 
hinder its development and adoption. In this paper, we try to 
enhance the performance of blockchain platforms by opti- 
mizing the quality of its core module, known as the consensus 
algorithm. To do so, we introduce proof of assets and proof of 
reputation to design a voting-based decentralized consensus 
(VDC) algorithm for consortium blockchain. Combined with 
the verifiable random function (VRF), VDC realizes better 
fairness of user profits and time efficiency with acceptable 
energy consumption and without sacrificing security. The 
simulation results show that the proposed algorithm achieves 
a faster consensus process and better user fairness than ex- 
isting algorithms while still maintaining a negligible energy 
cost and adequate security. 


Index Terms—Consortium Blockchain; Consensus Algorithm; 
Voting; Deposit; Reputation; Verifiable Random Function 


I. INTRODUCTION 


N a traditional centralized structure, privileges are concen- 

trated in the hands of individuals or the minority, who 
have strong control over the system and are responsible for 
maintaining its normal and stable operation. The main archi- 
tecture of contemporary systems continues to be character- 
ized by this mode because this kind of system can run effi- 
ciently with no disagreement, reasonably schedule system 
resources and make full use of the computational power of 
the system. 

Regarding the development of new application require- 
ments, the centralized mode is increasingly showing its innate 
drawbacks. There are no central nodes that possess infinite 
CPU power, and when the scale of the system approximates 
the CPU limit of the center, it can no longer run smoothly. 
Such scenarios are currently quite common in the era of big 
data. In addition, in a centralized system, information is rec- 
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orded in the central database, and managers have absolute 
power to tamper with and leak data or to make unreasonable 
regulations, such as asking for a high transaction tax. 

Since the emergence of blockchain technology, there is 
another option for addressing the problems above. Compared 
with traditional architecture, blockchain technology involves 
a new design pattern. The greatest difference between the two 
types of architecture is that a system using blockchain tech- 
nology has no central institution: every node in the system 
shares equal authority, and no subordinate relationship exists. 

Moreover, blockchain promises better privacy than tradi- 
tional architecture because nodes are identified by their ad- 
dresses, not by personal identity. Blockchain also has a strong 
tamper-proof ability: every transaction contained by the body 
of a block will generate a hash value; then, a unique hash 
result will be calculated from these values and be written into 
the header of the block. In Bitcoin, it is the Merkle tree root 
[1][2][3], together with the time stamp, the current version 
information, the hash value of the previous block and so on. 
Thus, any modification, whether in the body of a block or the 
header, will lead to a different hash result that can easily be 
detected. Under such circumstances, if one wants to tamper 
with a block, he or she must recalculate all the hash values of 
the blocks from the current block to the end of the blockchain 
because the latter block contains the hash value of the former 
block, and such recalculation is believed to be impossible. 

These characteristics of blockchain determine that it is 
adept at solving security [4]-[7] and privacy problems [8][9]. 
The application of blockchain technology has extended to 
many fields, such as the internet of things (IoT) [10]-[14], the 
internet of vehicles (IoV) [15][16], artificial intelligence (AI) 
[17]-[23], healthcare [24][25], and supply chain management 
(26][27]. 

The advantages of blockchain are apparent; at the same 
time, however, they also cause some problems for systems. In 
such a decentralized system, every participant maintains a 
replica of the blockchain account book and has equal privi- 
leges in accessing transaction records. Thus, it is natural to 
consider how to ensure the consistency of different account 
books and to determine who is responsible for generating 
new blocks or to judge whose block is legal and acceptable. 
These issues are closely related to the consensus algorithm. 

As the most vital segment of blockchain technology, the 
consensus algorithm is responsible for determining who is to 
package new blocks and to implement consistency in the ac- 
count book replicas. The performance of the consensus algo- 
rithm will directly affect the performance of the system, in- 
cluding the energy cost, time efficiency, and transaction 
throughput. For example, in Bitcoin, which employs proof of 
work (PoW) as its consensus algorithm, participants are 
asked to compete for the privilege of packing a block by 
solving difficult mathematical puzzles, which is called min- 
ing. From a safety and consistency perspective, PoW is be- 
lieved to be impeccable because any malicious behavior that 
tries to reverse the existing chain will end up failing as long 
as the majority of the computational ability spent extending 
the longest chain is honest. However, PoW comes at the cost 
of extra CPU consumption, a higher time cost and a lower 
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system throughput, which cannot cope with the quality of 
service (QoS) requirements of some scenarios, thus hindering 
the extensive application of blockchain technology. To miti- 
gate these shortcomings, we propose a new consensus algo- 
rithm for consortium blockchain to achieve better perfor- 
mance in time delay, transaction throughput and fairness of 
user profits with the necessary security and a fairly low en- 
ergy cost. The main contributions of our work are as follows: 

e We design a new consensus model where different sys- 
tem nodes are assigned different identities and operate 
different functions, handling distinct affairs during the 
consensus process. In our voting-based decentralized 
consensus (VDC) algorithm, each node can possess only 
one identity each moment but can transform into other 
kinds under some circumstances, which helps to restrict 
and decentralize the authority of nodes to avoid a mo- 
nopoly or an overconcentration of power. 

e We design a simple and efficient method called 
DrawLottery to determine the ownership of the privilege 
of packing a block instead of mining or appointing a spe- 
cific leader. When combined with the verifiable random 
function (VRF), it can achieve unpredictable and verifia- 
ble properties, which holds great significance for resili- 
ence against targeted attacks. In addition, the simplicity 
and efficiency of lottery operation allow VDC to fre- 
quently reallocate the privilege to other nodes to realize 
greatly balanced opportunities for participants to pack a 
block, i.e., better fairness of user profits. 

e Unlike the general consensus algorithms for consortium 
blockchain, which adopt only reputation or credit as in- 
centives, we also take into account assets to further en- 
courage nodes to behave honestly. Operations complying 
with the consensus regulations will receive correspond- 
ing rewards; in contrast, any behavior that violates the 
rules will be punished both reputationally and financially. 
This incentive mechanism helps raise the cost of mali- 
cious behaviors and makes VDC more secure. 

The remainder of this paper is organized as follows: Sec- 
tion II reviews related works. Section III introduces and de- 
scribes some preliminaries and the system model. Section IV 
describes our VDC algorithm in detail. Then, we analyze the 
properties of VDC in Section V. Section VI shows and ana- 
lyzes the simulation results. Section VII draws the final con- 
clusions of this paper. 


II. RELATED WORK 


In this section, we describe some previous works about 
blockchain consensus algorithms. 
A. Proof of work 

PoW was the earliest consensus algorithm employed by 
blockchain platforms. In 2008, Satoshi Nakamoto published a 
paper called "Bitcoin: A Peer to Peer Electronic Cash Sys- 
tem"[28] that marked the birth of the first digital currency 
system, which adopted PoW as its consensus algorithm. The 
basic principle of this algorithm involves proving validity 
through the consumption of computational power: in addition 
to the fields mentioned in Section I, there is also a nonce val- 
ue in the header of blocks generated using PoW. When pack- 
aging a new block, the packager must try different nonce 
values again and again until the hash value of the block 
header satisfies the difficult requirement, for example, with 
several leading zeros. 

The security and reliability of PoW are grounded in As- 


sumption 2 in Section III-B. Once a packager gives a block 
meets the requirement, this means that he or she has spent 
enough computational resources to obtain the result. Anyone 
who wants to modify the chain needs to rechoose the right 
nonce value for every block from the modification point to 
the latest block, and he or she must do it faster than the ex- 
tending speed of the longest chain, which is believed to be 
impossible as long as the computing power controlled by 
malicious nodes is no more than that of honest nodes. 

Although PoW is advantageous in providing security, the 
energy consumption induced by mining is nonnegligible. In 
addition, to reduce forking and inconsistency, the block in- 
terval is set to an average of 10 minutes to keep the probabil- 
ity that concurrent blocks exist at a low level. Moreover, to 
prevent double-spending attacks, transactions in a block need 
to wait for confirmation from six extra subsequent blocks to 
reach a final commit, which cannot meet the requirements of 
high-frequency trading scenarios. Moreover, as the oppor- 
tunity to win a competition is closely related to the CPU 
power of nodes, those with low CPU capacity will find it 
more difficult to succeed and naturally harder to obtain reve- 
nue from blocks, i.e., unfairness of user profits exists. 

To solve these problems, many researchers have attempted 
to improve the PoW algorithm. The authors in [29] proposed 
a consensus algorithm called Bitcoin-NG. In this algorithm, 
blocks are divided into two types: key blocks and micro 
blocks. Participants still use PoW to generate key blocks, the 
owner of the latest key block wins the right to collect transac- 
tions in the blockchain network and pack them into micro 
blocks, and he or she can keep them until the next key block 
is announced by other nodes. The difficulty of mining re- 
mains unchanged, while the number of blocks that contain 
transactions is increased. 

Despite the optimized transaction processing system (TPS) 
earned from the separation of key blocks and micro blocks, 
Bitcoin-NG needs an extra method to prevent micro block 
forks because they are generated cheaply and quickly by the 
leader. Byzcoin [30] combines the idea of Bitcoin-NG and 
practical Byzantine fault tolerance (PBFT) to make further 
improvements. In this article, key blocks are still packed 
through mining, but they contain a parameter w as the win- 
dow size. The nodes that generate the key blocks covered by 
this window are the group that carries out PBFT with regard 
to the micro blocks announced by the current leader. Each 
time a new key block appears, the window will move forward 
one step, possibly producing a new group of nodes to carry 
out PBFT for the next leader. 

Except for the classic chain structure, some blockchains 
explore the use of novel structures to improve the TPS. The 
authors in [31] employ a directed acyclic graph (DAG) to 
enhance the ability of the blockchain system to handle con- 
current blocks. Forks are no longer unacceptable here; thus, 
the criteria for selecting the longest chain as the main chain 
changes to extending the chain to the subblock with the larg- 
est subtree. Each block in the main chain starts a new epoch, 
and other blocks referenced by the main chain block are 
pulled to the same epoch, and the epoch of blocks is used to 
determine the final sequence of transactions. 

B. Proof of stake 

The concept of proof of stake (PoS) was first proposed by 
[32]. In PoS, nodes have an attribute called coin age, which is 
the product of the coins they hold and their holding time. The 
rights of packing a block are no longer entirely dependent on 
CPU capacity; the higher nodes’ coin ages are, the easier it is 
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for them to obtain the opportunity to generate a block. Once a 
node succeeds in packing a block, his or her coin age will be 
reset and need to be reaccumulated. The security of PoS is 
grounded in Assumption 1 in Section III-B; nodes with high 
assets are unwilling to destroy the consensus process, as the 
profits of malicious attacks cannot cover their financial loss. 
PoS, to some extent, mitigates the problem of resource waste 
under the PoW mechanism; thus, some platforms that use 
PoW as their consensus algorithm show a wish to switch to 
PoS, e.g., Ethereum [33][34]. 

Compared with PoW, PoS is more energy efficient, but it 
also has drawbacks. For example, the linear growth of coin 
age over time may encourage nodes to increase the holding 
time of their coins, which can decrease the coins actually 
invested in consensus, thus destabilizing the foundation of 
security. Reddcoin [35] manages to mitigate this problem by 
adjusting the growth curve of coin age, making it increase 
more and more slowly, thus pushing nodes to actively partic- 
ipate in consensus rather than hoarding. 

Ouroboros [36] combines verifiable secret sharing (VSS) 
and coin tossing to achieve guaranteed output delivery (GOD) 
in PoS. Time is divided into slots, and several slots become 
epochs. At the beginning of each epoch, every node generates 
a genesis block, recording the identities of the nodes who will 
participate in subsequent consensus together with their cor- 
responding stakes, and a consistent random seed obtained 
using the techniques mentioned above is used to determine 
the leader of each slot in this epoch. These genesis blocks are 
kept in their local memory and, except for the first block, will 
not be sent to the blockchain. After that, using the random 
seed and the index of the current slot as inputs of a function 
that chooses a stakeholder with probability proportional to his 
or her relative stakes, nodes can know who the leader is and 
wait for new blocks unless they are the leader; if a node is the 
leader, it is his or her turn to pack a new block. 

Instead of selecting a leader, Algorand [37] directly grants 
different blocks different priorities. In its design, users are 
considered to be several subusers related to how many coins 
they have. With a random seed, every node computes a hash 
value and a corresponding proof using the VRF. The ratio of 
the hash result to the hash maximum determines whether he 
or she is eligible to pack a block or not and how many subus- 
ers are chosen. The proof can be used for other nodes to ver- 
ify the correctness. Then, every user with at least one subuser 
selected is qualified to propose a new block and assigns its 
priority value as the highest result by hashing the hash output 
concatenated with the subuser's index. Only the proposal with 
the highest priority will be accepted for this round, and its 
proposer needs to generate a new random seed for the next 
round through the VRF, taking the current seed and round 
number as inputs. 

Bitshare proposed a delegated proof of stake (DPoS) [38]. 
Each miner can vote for a delegate in light of his or her stakes, 
and those who received the most votes obtain the right to 
pack blocks. DPoS serves as a combination of PoW and PoS, 
effectively reducing energy consumption and optimizing the 
balance of stakes. 

There are also some works that use other attributes to take 
the place of stakes or work, such as proof of authority [39], 
proof of vote [40], proof of majority [41], and proof of activ- 
ity [42]. 

C. Practical Byzantine fault tolerance 

In this subsection, we introduce some algorithms that 

reach consensus through multiple communications with other 


nodes to exchange for better energy efficiency. 

Some of these algorithms originate from Paxos [43], and 
they can quickly complete consensus with tolerance only 
against crash faults, which means that nodes will not send 
error or contradictory messages. Raft [44] is an example. It 
uses heartbeats for synchronous information. When initializ- 
ing, nodes are set as followers. They wait for heartbeats from 
the leader. If they do not receive a heartbeat and one of them 
triggers his or her timer, then he or she will convert into a 
candidate and ask others for votes to become a leader. Pro- 
vided that he or she receives enough votes, he or she will take 
the responsibility of a leader, regularly sending data and 
heartbeats to others; otherwise, he or she will try it later only 
if he or she receives no heartbeats and there is a leader elec- 
tion during that time. 

However, it is unreasonable to assume that there are only 
crash faults in real systems. Therefore, researchers have be- 
gun to explore new ways to make them resilient against Byz- 
antine faults. PBFT [45] is a classic algorithm that satisfies 
this demand, where having up to 1/3 Byzantine nodes is tol- 
erable. The consensus is implemented in three phases, which 
are called pre-prepare, prepare and commit. In pre-prepare, 
the leader announces a message to all other nodes and then 
enters the prepare phase: Every node checks the message 
received from the leader and forwards it to others if the vali- 
dation passes. Once a node receives prepares for the same 
message from more than 2/3 different nodes, he or she can 
ensure that the majority received the same pre-prepare from 
the leader; thus, he or she enters the commit phase and sends 
commit messages to others. When a node receives commits 
for the same message from more than 2/3 different nodes, he 
or she knows that the majority has agreed on that message, 
i.e., consensus has been reached. 

PBFT accomplishes a meaningful improvement from 
crash resilience to Byzantine resilience, but it also makes it 
necessary to communicate several times between every two 
nodes, saving computational costs while sacrificing commu- 
nicational complexity, which limits the speed of consensus 
when the number of participants increases. [46] introduces 
credit for nodes to assist in recommending a few delegates to 
launch PBFT rather than the whole set. [47][48] attempt to 
reduce the overall complexity by optimizing the communica- 
tions that take place during the view change process. 

Albatross [49] divides blocks into two categories: macro 
blocks and micro blocks. The former category is in line with 
PBFT; it does not store any transactions but contains a group 
of active packagers and a random seed used to generate the 
next block. The latter is revealed by each slot owner, i.e., an 
active packager is selected based on tokens that he or she 
paid when becoming active. This kind of block contains 
transactions and is distributed to others by the slot owner 
without additional communications. Moreover, one macro 
block is followed by several micro blocks; thus, it can reach a 
faster consensus than pure PBFT. 

The authors in [50] proposed an algorithm called mixed 
Byzantine fault tolerance (MBFT), which separates all par- 
ticipants into several consensus groups: a high consensus 
group (HCG) and low consensus groups (LCGs). Transac- 
tions are allocated to these LCGs, and the leaders in each 
LCG conduct a process similar to PBFT to generate micro 
blocks. All LCGs do this in parallel and send these micro 
blocks to the HCG. Then, the nodes in the HCG verify each 
micro block they received, and the leader packs these legal 
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micro blocks into one large block and announces it to other 
members in the HCG. If this large block obtains enough posi- 
tive feedback from the HCG, i.e., over 2/3 agreement from 
members, it will be linked to the chain. 


III. | PRELIMINARIES AND THE SYSTEM MODEL 


A. Concepts 

First, we introduce the definitions of some concepts used 
in our algorithm as follows: 

Transaction pool: The transaction pool is used to preserve 
the transactions to be packaged. The transactions in the pool 
are simulated and executed; in other words, they have already 
been endorsed and are considered legal transactions. 

Deposit pool: The deposit pool is a place where various 
deposits are stored. Once nodes put their assets in this pool, 
these assets can no longer be casually used by their owners 
until some specific events occur. 

Genesis block: This block is the first valid block generat- 
ed in the system. 

Secret keys: Every node in the system has a pair of 
asymmetric keys called the public key and the private key. 
Messages encrypted by the public key can be decrypted only 
by the corresponding private key and vice versa. The public 
key of any node is visible to all the participants in the system, 
but the private key is known only to its owner. 

Packaging blocks: The packagers in the system choose a 
number of transactions in its transaction pool, together with 
the hash value of the previous block, the current timestamp, 
the depth of this block and the root of the Merkle tree, to 
generate this block’s hash value and to sign this block with 
the corresponding packager’s private key. We also call this 
process the package of blocks, denoted as <PACK_BLK, 
pre-hash, t, depth, merkle-root, [tx]>, where [tx] stands for 
the transactions contained by this block. 

Signing a block: After the generation of a new block, its 
packager will sign its hash value with the private key to gen- 
erate a signature of the block, serving as evidence of the 
block’s ownership, and the signature can easily be verified by 
any other nodes using the packager’s public key. We denote a 
signed block as <PACK_BLK, pre-hash, t, depth, merkle-root, 
[tx]>sxi, where SK; is the private key of node i. 

Reputation list: In our system, every node maintains a 
reputation list of other nodes, and every node will automati- 
cally adjust the value of nodes based on their behaviors. This 
list indicates how much the node trusts other nodes, and it 
holds great significance for our consensus algorithm. 

Node lotteries: Given the same value, different nodes can 
draw different lotteries through a series of computations. 
Lotteries are verifiable and comparable; thus, they are used to 
determine which node is the next to obtain the right to pack a 
block. 

Lottery pool: The lottery pool collects all the lotteries 
generated by nodes from a given input in each round; thus, by 
checking the lottery pool, one can learn the lottery situation 
of the whole system and then judge whether he or she has 
won in this round. 

B. Premise assumptions 

In this subsection, we offer and explain some basic as- 
sumptions for blockchain networks. 

Assumption 1: Rational participants. Both malicious 
and honest nodes are rational. The former will not launch an 
attack if doing so will damage their own benefits, and the 
latter will try to maximize their profits within the regulations. 


Assumption 2: Secure hash function. The process of the 
hash function is irreversible, which means that one can only 
compute the hash value from a message and cannot infer the 
original message from a given hash output. A repeated hash 
of the same input yields the same output, and the probability 
that different hash inputs generate the same hash output is 
negligible. 

Assumption 3: Unbreakable secret keys. We generate 
keys using the Rivest-Shamir-Adleman (RSA) algorithm, and 
we assume that the secret keys of nodes are sufficiently se- 
cure and that no one has sufficient power to crack the rele- 
vant private key through the public key in a limited period of 
time. 

Assumption 4: Unforgeable information. In VDC, we 
assume that no malicious node can impersonate another node 
or forge any message in the name of others because it does 
not know their private keys. 

Assumption 5: Arbitrary behavior of malicious nodes. 
We cannot predict the behaviors of malicious nodes; they 
may operate honestly and may try to break the consensus 
individually or collusively. 

Assumption 6: Honest majority. In the consortium, the 
number of honest nodes always exceeds that of malicious 
nodes. 

Assumption 7: Guaranteed message delivery. Any 
message sent by a node will arrive at its destination within a 
finite time interval, and even malicious nodes cannot inter- 
cept the delivery process. 


C. System model 


A consortium is an organization established and managed 
by several companies. In that organization, no one is willing 
to hand over the privileges of management to others because 
others are usually not completely trusted and because anyone 
who masters the power of dominating the system tends to 
earn higher profits. Thus, joint management of the consorti- 
um, in which all members supervise each other to avoid ma- 
licious behaviors, is an acceptable solution. 

The participants of a consortium are abstracted as nodes. 
Some of them come from the same company or from differ- 
ent companies. Each node is marked with an ID when he or 
she registers with the consortium and has his or her unique 
secret key pairs. As participants in the consortium, all mem- 
bers carry an amount of assets and may experience four dif- 
ferent roles in the process of consensus: 

Ordinary nodes: Upon joining the consortium, every 
node is labeled an ordinary node. Ordinary nodes do not have 
permission to generate or verify blocks, but they can see the 
procedure of consensus, forward new blocks and obtain vot- 
ing information. 

Candidates: These nodes still have no power to package 
or verify blocks, but they have the potential to be elected 
packagers. Any ordinary node can become a candidate as 
long as he or she pays a certain number of deposits, and these 
deposits are frozen and unavailable unless he or she resumes 
being an ordinary node. 

Packagers: Packagers are responsible for packaging new 
blocks, and they send the blocks generated to verifiers to 
perform verification. They are mainly elected by verifiers 
from candidates based on the reputation list. Only a packager 
who wins a lottery round, whom we call the winner, has the 
opportunity to pack a new block. We use N, to denote the 
number of packagers. 

Verifiers: Verifiers are mainly responsible for two jobs: 1) 
they elect packagers. After a specific number of legal blocks, 
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they begin to select a new set of packagers from candidates 
based on their reputation lists of other nodes. 2) They vote on 
blocks. When receiving a new block from a packager, they 
begin to vote on that block to determine whether it is valid or 
invalid. 

Verifiers are different from others in the consortium: they 
are nodes that possess high assets in their companies, which 
to some extent ensures that they are unwilling to cause dam- 
age to the consortium as long as they are rational. Similarly, 
we use N, to denote the number of verifiers. 

Messages sent by nodes in the consortium, especially 
packagers and verifiers, should be signed with the nodes’ 
private keys. Signatures can be used to verify the source of a 
message to issue a reward or to accurately determine who is 
to blame when problems occur. 

Although there are four roles in this model, nodes can hold 
only one identity at the same time. However, no one is able to 
possess an identity permanently; under some conditions, 
nodes can convert from one role to another: ordinary nodes 
can become candidates by simply paying deposits. Candi- 
dates can become packagers if they receive votes from verifi- 
ers during the process of packager election, or they them- 
selves may choose to return to ordinary nodes and fetch the 
deposits they offered when they become candidates. Packag- 
ers can become verifiers when the new round of verifier elec- 
tion is executed, as long as they have more assets than some 
verifiers at that time, or they will be forced to return to being 
ordinary nodes if they are caught acting maliciously and be 
eliminated from the packager group. For verifiers, VDC sets 
a tenure for each group of verifiers, that is, several legal 
blocks linked to the blockchain. When their tenure expires, 
all nodes in this group return to being ordinary nodes, and a 
new round of verifier election is conducted. This is also the 
time when some packagers with dominant assets can become 
verifiers. Fig. 1 shows the relationships among the four roles. 
The dotted lines indicate the transformation of identities, 
while the solid lines indicate voting behaviors. 
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Fig. 1. The relationships among the four identities 


IV. ALGORITHM DESIGN 


As introduced in Section II, many efforts have been made 
to design an excellent algorithm for blockchain platforms, but 
unfortunately, they all have their own weaknesses or are de- 
signed for specific scenarios. In PoW, billions of hash opera- 
tions are executed per second just for a solution to a crypto 
puzzle, which is energy consuming and time inefficient with 
no other practical significance. Both PoS and PoW face the 
problem of privilege centralization. Byzantine fault tolerance 
(BFT) algorithms are usually restricted by the scale of partic- 
ipants, leading to low system capacity, and the strategy of 
appointing a leader is vulnerable to targeted attacks. Moreo- 
ver, few of them are concerned about the fairness of user 
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profits. In this section, we formulate in detail VDC, the algo- 
rithm we designed for consortium blockchain, which can 
achieve better fairness of user profits and time efficiency with 
acceptable energy consumption and without sacrificing security. 
First, we summarize the main parameters used in our algo- 
rithm below: 


Table 1. Parameters used in the VDC algorithm 


Symbols Definitions 

PK, SK; The public and private keys of node i. 

N, The number of members in the group of verifiers. 

Np The number of members in the group of packagers. 

Nn The number of nodes in the whole consortium. 

Na The number of attackers in the whole consortium. 

Ts Length of an epoch and the tenure of verifiers. 

De The deposits paid to become a candidate. 

D The deposits paid by a verifier when voting for a 
b 

block. 

rpti The absolute reputation of node i. 

rrpti The relative reputation of node i. 

strl s2 | Constant. string "PACKAGER_ELECTION" and 

a "LOTTERY SEED", respectively. 

rl, r2 Segments of the random seed for drawing a lottery. 

L. P, The lottery drawn by node i and its corresponding 
eee proof. 

L.P The lottery that wins in a round of lottery drawing 
MER and its corresponding proof. 


A. Details of VDC 

In VDC, time is divided into slots. Each slot has a packag- 
er to generate a block, and a certain number of nonempty 
slots compose an epoch. When initializing, every node that 
wants to join the consortium needs to send a register message 
in the form <REGISTER, <id, assets, PK;>sx;, PKi> to let 
others know his or her identity, how many coins he or she has 
and the correctness of his or her secret key pair. We use < > to 
denote a message and < >s5sx; to indicate the message signed 
by the private key of node i. If a node registers successfully, 
other nodes will set him or her an initial reputation value and 
add it to their reputation lists. Then, the detailed steps of 
VDC are as follows: 
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Fig. 2. Main steps of VDC 


Group of packagers 


Step 1. Generation of verifiers 

At the beginning of each epoch, VDC selects N, partici- 
pants with dominant assets to form a group of verifiers, and 
these quotas are assigned to different organizations based on 
their relative assets. Assume that there are three companies A, 
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B, and C, as shown in Fig. 2 and that their total assets are 10, 
10 and 20, respectively. Then, their top 3, 3 and 6 nodes are 
selected as verifiers when N, is set to 12. The tenure of these 
verifiers lasts until the end of this epoch. 
Step 2. Generation of candidates 

After the generation of verifiers, those that are not selected 
as a verifier can announce that they wish to become candi- 
dates using <BE_CANDIDATE, id, D->sxi, where De is part of 
the assets they need to pay to make this announcement valid. 
All nodes that pay the required deposits form the group of 
candidates. Note that verifiers are not allowed to do this. 
Step 3. Election of packagers 

When the above two steps are finished, packagers are 
elected. Each member of the verifier group will encrypt a 
message that is the concatenation of a constant string str] = 
"PACKAGER_ELECTION" and the depth of the next block 
using his or her private key; others can validate its legitimacy 
using the corresponding public key. Then, the hash of the 
result dividing 2"”””"" will be used to decide which candidate 
to vote for. The pseudocode of this step is stated below. 


Procedure 1 VoteForCandidate (str1, depth, SKi) 


these messages are received from packagers or time expires, 
they will compute r2 using the XOR operation of all the hash 
results of c+. Finally, r/||r2 is the random seed for the lottery 
drawing. The pseudocodes are shown below: 


Procedure 2 DrawLottery (pre-hash, str2, depth, SKx) 


for each packager k’, do 
Ce — Encryptsxe (str2\\depth) 
<ANNOUNCE. SEED, depth, cy >se 

end for 

rl <— pre-hash 

r2 — XOR hash(cy) 

<Ly, Pœ — VRFsrrIllr2) 

return <L, P> 


ci <— Encryptsxdstr1||\depth) // ciphertext 
loc; — hash(ci) / ghashlen A location 


j «=~ 1 //index of candidates 

while loc; £ Sa trpt;, Dlo rrpt,], do 
j++ 

return j 


In this pseudocode, rrpt; stands for the relative reputation 
of candidate j, where total is the sum of all candidates. We 
assume that j starts from 1 and that rrpto is 0. After obtaining 
return value j, verifier i announces a message <PACKAG- 
ER_ELECT, depth, cj, j>sx; to indicate that he or she decides 
to vote for candidate j. 


Others can validate the message in three phases. First, they 
can check if the depth in this message is consistent with that 
of the block going to be packed; second, they can decrypt c; 
with PK; to see if the result equals str/||depth; third, they can 
recalculate /oc; from c; and check whether j is correct. If all 
these phases pass, this vote of verifier i is considered valid. 
Each verifier must vote for and can vote for only one candi- 
date. 


N, packagers are chosen from the candidates based on the 
votes they gain, where N, is a parameter that denotes the 
number of packagers; we simply set it equal to N,. Therefore, 
we retain the attribute, coin age, to help the election of pack- 
agers when several verifiers vote for the same candidate, i.e., 
there are fewer than N, candidates receiving a vote from veri- 
fiers. 

Step 4. Determination of the slot owner 

Having a group of packagers, VDC needs to decide the 
slot owner for each slot in the current epoch, which can be 
done using a lottery drawing. Before that, we need to choose 
a random seed for the lottery drawing procedure, which con- 
sists of two parts, r/ and r2. rl is the previous hash of the 
next block, which is empty for the genesis block, and r2 is 
computed collectively by all packagers. 

For every packager k, he or she calculates ciphertext c+ 
using his or her private key SK; cp = Encryptsx,(str2||depth), 
where str2 is another constant string "LOTTERY SEED". 
Then, he or she announces it to both verifiers and packagers: 
<ANNOUNCE_SEED, depth, cx >sxy. Others can also check 
the correctness of cą and store it locally if valid. When all 


In procedure 2, each packager k will use rZ and r2 as the 
random seed of the VRF to generate a lottery L4 and its cor- 
responding proof P;. Instead of revealing both of them, he or 
she just announces L, to the verifiers and packagers: <AN- 
NOUNCE_LOT, L;>, and this message carries no signature 
information; thus, other people cannot know the ownership of 
this lottery at that time. 

After receiving all the lotteries belonging to this slot or 
time expires, the packagers and verifiers will store them in a 
vector and arrange them in increasing order. The smallest 
lottery wins this slot, and its producer will begin to pack a 
new block. Fig. 3 describes the process above. 
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Fig. 3. Process of determining a slot owner 


Step 5. Generation of new blocks 
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Fig. 4. Structure of a block 


After the process of drawing lottery, a specific packager k 
obtains the privilege of packing a new block with a common 
structure, as shown in Fig. 4. He or she immediately chooses 
several transactions from the transaction pool and packs them 
into a new block, <PACK_ BLK, pre-hash, t, depth, merk- 
le-root, [tx]>, together with the pre-block’s hash value, the 
timestamp, the root of the Merkle tree and other necessary 
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messages. Of course, he or she needs to sign it with his or her 
private key SK;. When all the steps above are completed, he 
or she sends a message to the verifiers and packagers, <AN- 
NOUNCE BLK, id, <block>sx,, Pi>sx,, including the new 
block that he or she generated and a proof to demonstrate his 
or her ownership of this slot. 

Step 6. Vote for new blocks 

Receiving an <4NNOUNCE BLK> message from a 
packager, verifiers and other packagers treat it differently. A 
packager checks whether P, contained in this message can 
validate the current smallest lottery Lmin; if it can, he or she 
simply does nothing and waits for decisions about this block 
from the verifiers; if it cannot, he or she ignores this message 
and waits for the real proof of Lmin until a certain time expires, 
and then, he or she erases Lmin from his or her local lottery 
pool. A verifier also first checks the proof; if he or she obtains 
a negative result, he or she addresses it as a verifier, but if the 
proof is proven to be correct, he or she begins to verify the 
block included in the message. 

Verifier i extracts the block from <ANNOUNCE_BLK> if 
the proof attached here passes the examination. Then, he or 
she inspects whether the previous hash points to the latest 
block in the chain, whether the timestamp is correct, whether 
the Merkle root is correctly computed and whether the signa- 
ture is valid, which means this block has not been modified at 
all. If no problems exist in these inspections, he or she will 
announce agreement on this block to every participant: 
<APPROVE, <id, <block>sx,, P>, Dsk, otherwise, he or 
she will announce disagreement: <REJECT, <id, <block> sgr, 
P>, De>sxi. Dp is the deposit needed for a verifier to make 
this decision. 

Notably, honest verifiers will vote for only one block re- 
ceived in each slot. Specifically, if an honest verifier receives 
two <ANNOUNCE_BLK> messages with the same id and Pp 
that are proven to belong to the real slot owner but different 
blocks are attached, such as <blockI>sxz, <block2>sx,, he or 
she will vote for neither of them and then reveal these con- 
flicts to others instead, reminding them that there may be 
double spending of the current slot owner. Malicious verifiers 
can treat it casually, generating <APPROVE> or <REJECT> 
messages for different <ANNOUNCE BLK> and sending 
each node a specific message from them, or they can simply 
do nothing. 

Step 7. Judgment of new blocks 

After receiving <APPROVE> and <REJECT> messages 
from the verifiers, each node begins to check whether they 
are correctly signed by the verifiers, and only those that have 
been correctly signed will be kept locally. Then, they count 
the number of <APPROVE> and <REJECT> messages. If 
more than half of the verifiers agree on a block proposed by 
the right slot owner, nodes will link this block to their local 
blockchain; otherwise, if the majority of verifiers disagree 
with regard to this block, they will link a special empty block. 
This block contains no transactions, the timestamp field is 
copied from its previous block, the depth increases by 1, the 
Merkle root and signature remain NULL, and the hash infor- 
mation is computed. Although the empty block carries no 
signature information, each field can be inferred from the 
previous block, even when the previous block is also an 
empty block. As the blocks already in the chain are consistent, 
the empty block creates no inconsistency. 

Similar to the last step, if honest nodes detect different 
blocks generated by the correct slot owner from either <4P- 
PROVE> or <REJECT> messages, they will accept none of 


these blocks as valid, even if someone receives agreement 
from more than half. Instead, they will choose to link an 
empty block, label the current slot owner as malicious and 
reveal the conflicts to warn others that double spending ex- 
ists. 

In the last case, if the <APPROVE> and <REJECT> mes- 
sages that a verifier received are less than 50%, he or she will 
declare it and ask other verifiers for the messages that they 
received. If no one received enough judgments, the verifiers 
will also link an empty block. 


B. Incentives and punishments 


In this subsection, we introduce the reward and punish- 
ment strategies used in VDC. 

Different from some previously presented works that use 
only money or credit as the reward, we adopt both of them to 
motivate participants to behave honestly and impose penalties 
when they are caught damaging the consensus. 

This usually takes place after Step 7 is finished. If the new 
block proposed by the slot owner is ultimately judged to be 
invalid or he or she is found to be carrying out double spend- 
ing, then other nodes will lower the reputation value of this 
packager by a predefined span, and the deposits that he or she 
paid when he or she became a candidate will be confiscated 
to reward other honest nodes except the verifiers because 
ordinary nodes did not pay these deposits when they became 
verifiers. Otherwise, if the block is linked to the chain, that 
packager will receive the tax offered by this block as finan- 
cial profits, and his or her value on others’ reputation lists 
will increase. 

For a verifier, if his or her judgment about a new block is 
the opposite of that of the majority, i.e., over 50%, he or she 
is thought to have made a wrong decision, and the deposits 
that he or she paid for this decision will be punished to re- 
ward those who made accurate judgments. Additionally, his 
or her value on others' reputation lists will decrease. In con- 
trast, when his or her judgment is consistent with that of the 
majority, his or her reputation will increase, and he or she 
will be able to fetch his or her deposits D», but no financial 
profits will be earned. Because verifying a block is an easy 
task, verifiers do it voluntarily for the sake of protecting their 
own interests, as they hold most of the assets in the consor- 
tium. 


C. Conversion between identities 


We briefly described the conversion among different iden- 
tities in Section II; now, we state it more in depth in this sub- 
section and provide pseudocodes formulating the full version 
of VDC with the incentive mechanism and identity switching 
integrated. 

Identity switching often occurs at the beginning of each 
epoch. As shown in Fig. 5, each block is situated in a slot, 
and T, nonempty slots compose an epoch. This parameter is 
also used to denote the tenure of verifiers; in other words, the 
lifetime of a node’s identity as a verifier equals an epoch. 


| 
Genesis block 1% T, >| 


Election of verifiers Block Election of verifiers 
generation 


I l 


Election of packagers Election of packagers 


Fig. 5. Tenure of verifiers and packagers 


When an epoch ends, verifiers reset to ordinary nodes, and 
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a new round of verifier election is going to begin. However, 
before that, other nodes also need to reset to ordinary because 
after the consensus reached in the last epoch, some packagers 
in that epoch may have surpassed some verifiers in assets; 
thus, they should take the responsibility of being verifiers and 
leave the opportunity to become a packager to other partici- 
pants. Then, a batch of ordinary nodes with dominant assets 
will form the next group of verifiers. 

Those who did not become a verifier can choose to freeze 
D. deposits to be a candidate or simply remain ordinary 
nodes, which means giving up the opportunity to be selected 
as a packager in the next epoch. 

In the next phase, verifiers elect from candidates to form 
the group of packagers, following the regulations elaborated 
in the previous subsection. 

In general, an honest packager can survive until the end of 
its epoch. However, if a malicious packager packs an invalid 
block and is caught in Step 7, in addition to the financial and 
reputational punishments, his or her identity will no longer be 
admitted, and he or she will be removed from the group of 
packagers, leading to an identity conversion from packager to 
ordinary node. If all these packagers are malicious, they will 
be forced to return to being ordinary nodes and be removed 
from the group one by one, as long as they keep violating the 
principles. If the number of valid new blocks does not reach 
T, when the size of the packager group equals zero, then the 
verifiers will re-elect a new group of packagers from the re- 
maining candidates, triggering another identity conversion 
from candidate to packager. This is a special situation where 
the election of packagers does not occur closely behind the 
election of verifiers and candidates. 

The division and conversion of identities grant VDC 
unique advantages in some application scenarios. For exam- 
ple, VDC can be applied to record charging transactions in 
the IoV. In this scenario, charging piles are the main partici- 
pants in the consortium, which are responsible for collecting 
the transactions occurring on them and sending these transac- 
tions to the consortium for consensus. The practice of classi- 
fying nodes can effectively reduce the number of charging 
piles actually participating in the consensus process, acceler- 
ate it and enhance the system’s capacity. Meanwhile, identity 
switching can also prevent some charging piles from monop- 
olizing the privilege of consensus and obtaining rewards, 
leading to a much better fairness of user profits. The charac- 
teristics of VDC in decentralization and time efficiency make 
itself suitable for various specific fields, such as autodriv- 
ing[51], crowd sensing[52][53] and smart healthcare[54], 
where enormous perception data need to be handled in time. 

We now give a full version of VDC, and the pseudocodes 
are presented below: 


end if 
for each packager k, do //determine the slot owner 
DrawLottery (pre-hash, str2, depth, SKx) 
add L; to the lottery pool 
end for 
while size (lottery pool), do 
slot owner reveals a block and proof 
for each verifier and packager, do 
if proof is valid //get the right slot owner 
break while 
else if time expires //receive no valid proof 
remove the min L from the lottery pool 
else 
ignore that block and proof 
end for 
end while 
if size(lottery pool) //the correct slot owner exists 
for each verifier, do 
vote for that new block 
announce vote info to every node 
end for 
for each node, check 
if valid <APPROVE> exceeds 50% && no dou- 


ble spend 
link the new block 
else 
link an empty block 
if valid <REJECT> exceeds 50% || double 
spend 
remove the slot owner 
end if 
end if 
update reputation and asset info about nodes 
end for 


else //no legal slot owner appears 
for each node, do 
link an empty block 
end for 
end if 
end while 


Algorithm VDC 


while transaction pool is not empty, do 
if an epoch expires 
reset identities 
generate the group of verifiers 
generate the group of candidates 
for each verifier i do // elect packagers 
VoteForCandidate (strl, depth, SK;) 
end for 
else if size(the group of packagers)=0 //re-election 
for each verifier i do // elect packagers 
VoteForCandidate (strl, depth, SK;) 
end for 


V. THEORETICAL ANALYSIS 


In this section, we theoretically analyze the performance 
and security of VDC. 


A. Performance 

1. Fairness of user profits 

VDC is an algorithm that takes into account fairness. Here, 
fairness means the balance of chances or rights for users to 
pack new blocks and earn from them; thus, we specifically 
name this attribute the fairness of user profits. 
Ph wy iN (1) 
rpt, 


Pr(i)=(1-(1 


Equation (1) gives the lower bound of probability that 
candidate i becomes a slot owner. On the right, the former 
half indicates the probability that candidate i receives at least 
one vote from the verifiers, i.e., the probability he or she is 
elected as a packager. The latter half indicates that he or she 
wins a slot and obtains the right to pack a block because the 
lottery drawing process can be treated as roughly uniform, 
which is ensured by the nature of hash operation. The reason 
it is the lower bound is that those who receive no votes can 
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also have the chance to become a packager as long as there 
are residual quotas, which can occur when one candidate re- 
ceives more than one vote, as explained above. 

VDC is advantageous because Equation (1) has nothing to 
do with power and stakes, which are the main reasons the 
fairness of profits is not well guaranteed in PoW and PoS. 
Moreover, it is unnecessary for nodes to wait for several view 
changes to take over the right, as in PBFT, where each node 
may spend a long time holding the right, especially when 
faults rarely occur. 

2. Time efficiency 

The time consumption of a consensus algorithm is often 
related to two points: computational tasks and communica- 
tional complexity. 

We use a lottery drawing instead of mining to determine 
the "Leader", which is an absolutely distinct method. The 
greatest difference is that the method consumes constant 
number of hash operations to draw a lottery rather than con- 
tinuing to try until the solution is found. Rational participants 
will not draw lots repeatedly in each slot because the random 
seed is a fixed value in each slot and the same input always 
generates the same output. 

Regarding communicational complexity, the classification 
of identity helps decrease the number of nodes engaged in 
each step. Each verifier reveals vote information about the 
candidates in each epoch, inducing total O(N,N„) complexity, 
and each valid block shares O(N,N,/T;). Each packager re- 
veals the lottery seed and lottery to the verifiers and other 
packagers in each slot, inducing O(N,N,). The slot owner 
proposes a block, inducing O(N,). The verifiers vote for a 
new block, inducing O(N,N,,). Therefore, the total complexity 
yielded in one slot or one block is O(N,N, + N,N,„), which is 
smaller than O(N,,) in PBFT. 

3. Energy consumption 

In blockchain, the main source of energy consumption is 
believed to be hash operations. Therefore, for those relying 
on mining, a large amount of CPU resources is spent by each 
miner on solving mathematical problems, while this con- 
sumption is not an issue in VDC. 

Although VDC is much better in terms of energy con- 
sumption than algorithms that employ mining, it yields extra 
hash operations for the lottery drawing compared to PBFT: 
for each block, each packager computes a random seed for 
the VRF, inducing a small constant number of hash O(1); 
then, the packager uses this seed to draw a lottery, inducing 
another constant O(1). For each slot, the hashes induced by 
lottery drawings are O(N,). Thus, the total number of extra 
hash operations yielded by lottery drawings remains constant 
for each block and each packager only, which is considered 
negligible and will not impose much of a burden on partici- 
pants. 

B. Security 

In this subsection, we illustrate the resistance of VDC to 
some prevalent attacks. 

1. Double spending 

Double spending is a common type of malicious behavior, 
especially in algorithms that require no PoW. As in PoS, ra- 
tional participants will choose to extend all branches simul- 
taneously when they appear because each branch will provide 
them with an equal number of digital currency and almost 
nothing to lose, which is known as "nothing at stake". 

Only packagers in VDC can have the opportunity to carry 
out double spending because no other identities can provide a 
legal lottery and its proof. While a malicious packager will 
not directly send an honest node to different legal blocks, this 


situation can be detected immediately, and consensus will 
switch to the next slot by linking an empty block. 

If there is any method for a malicious packager to succeed 
in double spending, it must be collusion with malicious veri- 
fiers. We assume that there are N, malicious verifiers and 
that the current slot owner is also malicious; they know each 
other’s real identity and collude to try double spending. This 
type of packager packs two distinct valid blocks that conflict 
with each other, and then, he or she sends both to malicious 
verifiers while sending one to some honest verifiers N, and 
the other to the remaining verifiers N;. The malicious verifi- 
ers know which block is sent to which verifiers, vote for the 
corresponding block and send <APPROVE> based on Step 6. 
If VN; N, N, equally share N,, then N; will see <APPROVE> 
messages from 2/3 for block 1, and N} will see <APPROVE> 
messages from 2/3 for block 2, which exceeds the threshold 
of 50%. However, double spending still will not succeed be- 
cause N, also has 1/3 <APPROVE> messages for block 2 
from N; and N; has 1/3 <APPROVE> messages for block 1 
from Ni. Then, all honest verifiers will detect two different 
legal blocks from the same packager, they will know double 
spending happened, and they will label this packager mali- 
cious and link an empty block. 

What if N; or N, is zero? This means that the packager 
generated two blocks but sent just one to all honest verifiers. 
Clearly, the verifiers will reach a consensus on this unique 
block. In another case, where the packager sends N; block 1 
and sends N} nothing, if malicious verifiers announce <AP- 
PROVE> for block 2 to N}, double spending is detected, and 
N, will notify others; otherwise, it becomes the situation 
described at the beginning of this paragraph. 

In addition to double spending, if the slot owner is honest, 
malicious verifiers will collude to deliberately announce 
wrong votes to mislead honest nodes. After Steps 6 and 7, 
each node should have N, wrong votes and N, — N; correct 
votes. To make a right decision, we need the following: 


| N“/N, <50% 


. (2) 
(N, - N°)/ N, > 50% 


Equation (2) means that as long as the proportion of mali- 
cious verifiers does not exceed 50%, VDC can operate nor- 
mally. Notice that the attacker ratio in the group of verifiers is 
no more than that in the whole consortium, as richer partici- 
pants are less likely to damage the consensus. We make an 
extension such that VDC can tolerate up to 50% malicious 
nodes. 

2. Selfish packing 

The concept of selfish packing originates from selfish 
mining, an attack method used in PoW to reverse a chain with 
less than 51% CPU power [55]. 

Because VDC does not employ mining to generate a block, 
we replace the name with selfish packing, which defines the 
behavior in which a slot owner packs different blocks and 
chooses the block that can bring him or her the best profits. 

Ideally, when a packager wins a round of lottery drawing, 
he or she is going to pack and announce a new block before 
time expires, and the hash of this block will be used as a seed 
for the next round of lottery drawing, i.e., r7. In fact, no ra- 
tional packager will simply pack a block and reveal it imme- 
diately; instead, he or she will try different blocks and calcu- 
late his or her next lottery in advance before his or her dead- 
line arrives, revealing the block that leads to the minimum 
lottery, which can greatly increase his or her chance of being 
the slot owner continuously. Especially for those with a pow- 
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erful CPU capacity, it is likely that they will dominate the 
block package procedure by carrying out selfish packing. 

To prevent selfish packing, r7 can serve as only half of the 
random seed, and another half, r2, is determined by all pack- 
agers collectively and computed after the judgment of the 
current block. The combination of r/ and r2 makes carrying 
out selfish packing meaningless because r2 cannot be inferred 
from r/ and a small lottery from r/ does not mean a small 
lottery from r/||r2. For this reason, we introduce r2 at the 
cost of inducing extra computational and communicational 
complexity. 

3. Targeted attacks 

Targeted attacks are seldom discussed in consensus algo- 
rithms, but they exist, particularly in algorithms where the 


leader is appointed or can be inferred from the current context. 


PBFT and some instances of PoS are vulnerable to this at- 
tack. 

These algorithms think that targeted attacks can be han- 
dled by changing to a different leader when the current leader 
is corrupted, but this holds only under the assumption that 
attackers cannot immediately corrupt a leader. If this condi- 
tion is not satisfied, such algorithms cannot run normally. For 
example, if an attacker has the ability to immediately corrupt 
a node, he or she can instantly control the leader of PBFT 
after each view change is finished and cause another round of 
view change. This can be kept going if he or she wishes, and 
consensus will fall into a dead circle. 

The same situation will not occur for VDC. The VRF in a 
lottery drawing can keep the real identity of the slot owner 
uncertain in the lottery revealing stage until the proof reveal- 
ing stage, but when the attacker receives the correct proof, it 
is too late to corrupt this packager because the new block has 
already been announced by him or her and the next slot own- 
er is probably not him or her. The only thing that this attacker 
can do is corrupt a packager randomly before the proof is 
revealed, with the probability shown in Equation (3): 


Pr(corrupt the right packager) =1/N, (3) 


However, even if the attacker immediately corrupts the 
first packager, this is still not enough. When the revelation 
time of the proof expires, nodes will remove the lottery from 
their lottery pools, wait for the proof and block corresponding 
to the second smallest lottery and so on. Thus, the probability 
that this attacker successfully corrupts this slot is stated in 
Equation (4), and the probability that he or she successfully 
corrupts consecutive n slots is stated in Equation (5): 


Pr(corrupt the slot) =1/(N,!) (4) 
Pr(corrupt n slot) =(1/(N,!))" (5) 


From the equations above, we conclude that VDC has a 
strong resistance to targeted attacks. In addition, it will be- 
come further strengthened as the number of packagers in- 
creases. 


VI. SIMULATION RESULTS 


In this section, we conduct simulations to prove the cor- 
rectness of our analysis in Section V. First, we observe the 
performance of VDC under different parameters. Then, we 
choose PBFT, a classic algorithm for consortium blockchain, 
and MBFT, a state-of-the-art algorithm, as comparison ob- 
jects to demonstrate the advantages of our algorithm. 

In the simulations below, the total number N, is set to 50, 


and T, is set to 10 legal blocks. Moreover, we monitor the 
average number and standard deviation (SD) of valid blocks 
packed by each node, together with the SD of node assets, to 
make an intuitive assessment of the fairness of user profits. 
A. Influence of parameters 

From the equations given in Section V, we find that the 
parameters N, and N, have the greatest influence on the per- 
formance of VDC, and because in our design N, equals N,, 
we simply refer to the ratio of verifiers, i.e., N,/Np. 
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Fig. 6. Fairness under different N,/N, 


Fig. 6 shows the indicators we used to demonstrate the 
fairness of user profits. From Fig. 6(a), we conclude that the 
total number of blocks generated is consistent; it is a natural 
result because the size of a block and the transactions pro- 
cessed are the same. Fig. 6(b) indicates that these valid bocks 
are packed more evenly by all the participants as N, increases, 
and Fig. 6(c) further proves this result. This conclusion is 
consistent with the theoretical analysis in Section V. 
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However, we need to emphasize that increasing N, not 
only provides better fairness but also places a burden on en- 
ergy consumption and time efficiency. 
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Fig. 7. Extra burden induced by increasing N, 


Fig. 7 shows the energy and time performance of VDC 
with different N,/N, ratios tested. The negative effects caused 
by the increase in N, are obvious in this figure. The analysis 
in Section V also explains these phenomena: the hash opera- 
tions yielded by lottery drawings relate to the number of N,; 
when more packagers are elected, there will be more nodes to 
carry out a lottery drawing in each slot, leading to higher en- 
ergy consumption. This reason can also be applied to the time 
cost because the total communicational complexity of VDC is 
O(N,N, + NN). As N, increases, more communications are 
needed to share information, which in turn results in a longer 
period of time to reach consensus. 

Since the parameter N, can both improve and worsen the 
performance of VDC, it should be adjusted based on the cor- 
responding application requirements, whether fairness sensi- 
tive or energy and time sensitive. In the rest of this section, 
we adopt a compromise choice, i.e., set N,/N,=1/3. Here, as 
N, is 50, the probability of a successful targeted attack for a 
slot, i.e., the result of Equation (4) with N,=17, is completely 
negligible. 

B. Effect of the incentive mechanism 

In this subsection, we simulate a scenario where malicious 
participants exist to see whether the incentive and punishment 
mechanisms work effectively. 

We first set 30% of the participants as malicious, i.e., 
N,/N,=0.3, and monitor the assets of each before and after the 
consensus of 3000 transactions using VDC; the results are 
shown in Fig. 8. 

The figure above clearly shows that malicious nodes will 


have their assets damaged, and the more frequently they try, 
the more losses they will suffer. The reason is that each time 
they make a vital decision for consensus, the amounts of their 
deposits are combined and cannot be fetched when they are 


caught cheating. 
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Fig. 8. Changes in assets when malicious nodes exist 


Then, we try different N, values and inspect the ratio of 
malicious nodes in the group of verifiers after each round of 
verifier election. Data are used to draw Fig. 9, where 0.2, 0.3, 
0.4 and 0.5 are tested for the N,/N,„ ratio. 
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Fig. 9 Malicious ratio of verifiers as consensus continues 
processing 


The result is in line with our analysis: as long as the mali- 
cious ratio in the whole consortium does not exceed 50%, 
VDC can guarantee that the ratio of verifiers stays under 50% 
and decreases to a lower level when consensus continues 
processing. The reason is that malicious verifiers will suffer 
from asset damage, lose their advantages in verifier election 
and gradually be replaced by other honest nodes. 

There is a detail in Fig. 9; the higher the N,/N, is, the more 
rounds VDC needs to purify the verifiers. The reason is that 
there is little difference in the speed of asset accumulation for 
honest nodes under distinct values of N,/N,, and each honest 
node can take the place of only one malicious node, but there 
are more malicious nodes with high assets to overcome. Thus, 
more rounds are needed. However, this does not violate the 
fact that VDC can tolerate malicious participants amounting 
to 50%. 

C. Comparison with PBFT and MBFT 

Now, we give the last part of the simulations and compare 
VDC with PBFT and MBFT in terms of the fairness of user 
profits, time efficiency and energy consumption. 

1. Fairness of user profits 

Considering that the number of large blocks in MBFT plus 
micro blocks will exceed that in VDC and PBFT when they 
deal with the same quantity of transactions, this may lead to 
inaccuracy if we use only average blocks and the corre- 
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sponding SD to illustrate fairness. Thus, for the sake of rigor, 
we also assume that leaders in PBFT and MBFT will earn 
taxes from blocks, even though they do not originally have 
financial rewards. In addition, in MBFT, the taxes in a micro 
block are shared equally by the leader in its LCG and the 
HCG because they both make contributions to consensus on 
this micro block. We set the number of LCGs to 3 in the sim- 
ulations below. 


T 
2 | Gi | 
(Mert 
MB voc 


Avg Blocks Packed 


2000 2500 3000 3500 4000 
Tx Num 


(a) Average number of blocks packed by each node 


10 


T 
| Bad 
a Meer 
«LIM voc 


SD of Block Packed 


2000 2500 


3000 3500 4000 
Tx Num 


(b) Corresponding standard deviation 
Fig. 10. Comparison of fairness in packing blocks 


Fig. 10 compares the fairness of profits in terms of pack- 
ing blocks. VDC is undoubtedly superior to PBFT, but the 
same conclusion cannot be drawn between VDC and MBFT 
for the reason stated above. Therefore, Fig. 11 provides a 
supplementary comparison in terms of assets. 

Combining the two figures, we see that MBFT is fairer 
than PBFT, as the leaders in each LCG can earn assets simul- 
taneously. However, within each LCG, the identity of leader, 
is held by one node for a long time, rather than frequently 
switching as in VDC. Therefore, neither PBFT nor MBFT 
can match VDC in terms of the fairness of user profits. 
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Fig. 11. Comparison of the fairness of assets 


2. Time efficiency 

In Fig. 12, we compare the consensus time after pro- 
cessing quantities of transactions using the three algorithms. 

It is easy to understand that MBFT and VDC are superior 
to PBFT because the communicational complexity of PBFT 
is up to ON, o, while VDC and MBFT have reduced it to a 
smaller value. However, is MBFT really superior to VDC in 
terms of time efficiency? The number of LCGs can greatly 
influence the time consumption of this algorithm; the more 
LCGs there are, the larger a large block will be. Here, as we 
set 3 LCGs, a large block in MBFT is 3 times as large as that 
in VDC. What if we increase the blocks in VDC to the same 
size as the large blocks in MBFT? The results are shown in 
Fig. 13. 
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Fig. 12. Comparison of the time consumed 
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Fig. 13. Time cost when VDC and MBFT have the same size 
of blocks 


Fig. 13 proves that under the same size of chain blocks, 
VDC is more time efficient than MBFT. Although the parallel 
consensus in LCGs improves the performance of MBFT 
compared to PBFT, the leader in the HCG must spend more 
effort verifying whether the micro blocks received are valid 
individually and collectively. Clearly, these verifications take 
time. 

3. Energy consumption 

As stated above, hash operations are considered to be the 
main source of energy consumption. Thus, we compare this 
property of the three algorithms by counting how many hash 
operations are performed. 

We display the total number of hash operations that oc- 
curred in the entire consortium in Fig. 14, where MBFT ex- 
ceeds PBFT and VDC exceeds MBFT. Regarding the former 
result, MBFT needs to generate additional large blocks, 
yielding more hash operations. The latter result is due to the 
lottery drawing mechanism. 
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Although Fig. 14 shows that of the three algorithms, VDC 
performs the most hash operations, the number of hash oper- 
ations is far less than that needed by PoW to reach consensus, 
where PH/s represents 10'° hashes per second and is used as 
the unit of measurement [56]. Moreover, Fig. 15 shows the 
average hash times performed by these algorithms; no more 
than 200 hash operations are needed for each participant to 
reach consensus on 4000 transactions using VDC. Even a 
smart phone can easily achieve such a result, which, we think, 
can be considered energy efficient. 
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Fig. 14. Total hash times of each algorithm 
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Fig. 15. Average hash times of each algorithm 


VII. CONCLUSIONS 


This paper focuses on designing a consensus algorithm for 
consortium blockchain to realize better fairness, time effi- 
ciency and lower energy consumption without sacrificing 
security. We divide the nodes into four categories, restricting 
their authority to avoid monopolies and lowering the com- 
plexity of communications. Then, based on the VRF, we 
propose an operation called lottery drawing, which can effi- 
ciently determine who is the slot owner and effectively pro- 
tect him or her from targeted attacks; moreover, the frequent 
switching of slot owners means that our algorithm has a bet- 
ter fairness of user profits. In addition, we take both assets 
and reputation as incentives and punishments to encourage 
participants to behave honestly, and those who act malicious- 
ly will see their interests damaged both financially and repu- 
tationally. 

First, we describe the main steps of our VDC algorithm in 
detail. Then, we theoretically analyze its performance in 
terms of the properties mentioned above and prove its per- 
formance through simulations. We test different parameters to 
investigate their influence on the performance of VDC and 
choose a moderate parameter. Then, we compare VDC to two 


algorithms, PBFT and MBFT, and the simulation results 
show that our design is superior in terms of the fairness of 
user profits (the SD of node assets decreases by 50%~60% 
and 40%~55%, compared to PBFT and MBFT, respectively), 
time efficiency (approximately 80% faster than PBFT and 15% 
faster than MBFT), and resilience against targeted attacks 
(cutting the probability of success from almost 100% to 
1/(N,!), i.e., Equation (4)), with an acceptable extra cost in 
terms of energy consumption and without sacrificing the 
threshold of fault tolerance. 

In the future, we will try to enhance VDC to make it 
adaptable to highly complex scenarios, such as those in the 
public chain environment, where Assumption 7, i.e., guaran- 
teed message delivery, is no longer ensured. 
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